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Microform Holoprosencephaly in Mice that Lack
the Ig Superfamily Member Cdon
ting (Figure 1B). The predicted Mendelian distribution
of CdonlacZ-1/lacZ-1 mice was not observed at P12 (Table
S1). In contrast, genotypes of embryos at E18.5 showed
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Mount Sinai School of Medicine the expected proportion of CdonlacZ-1/lacZ-1 embryos. Addi-
tionally, there is often an attrition in litter size in the firstNew York, New York 10029
48 hr of life, and several homozygous mutant pups were
found dead very shortly after birth. Therefore, it is likely
that the CdonlacZ-1/lacZ-1 mice not accounted for at 12 daysSummary
of age are dying shortly after birth and/or being selec-
tively culled by their mothers. Finally, of the CdonlacZ-1/lacZ-1Holoprosencephaly (HPE), the most common develop-
animals that survived, 35% were runts, none of whichmental defect of the forebrain and midface, is caused
survived weaning (P21). Hence, 60% of CdonlacZ-1/lacZ-1by a failure to delineate the midline in these structures
mice were lost prior to P21. Intercrosses of the surviving[1, 2]. Despite the identification of several HPE genes,
CdonlacZ-1/lacZ-1 mice resulted in the same range and fre-its genetic basis is largely unknown. Furthermore, the
quency of lethality, indicating that the variability of thephenotype of affected individuals is highly variable,
phenotype is inherent to the mutation. CdonlacZ-2/lacZ-2even within pedigrees [3, 4]. Facial defects in HPE
mice showed a similar range and frequency of perinatalrange from cyclopia and proboscis in severe cases to
lethality as that seen in CdonlacZ-1/lacZ-1 mice (data notsolitary median maxillary central incisor in individuals
shown).with microforms of HPE. Cdon (also known as Cdo),
During facial development, cranial neural crest cellsan Ig superfamily member, is a component of a cell
give rise to several facial primordia, including the fron-surface receptor that positively regulates skeletal my-
tonasal process (FNP) [12, 13]. The midline of the FNPogenesis [5–7]. Cdon is also highly expressed in the
in turn gives rise to a pair of medial nasal processesfrontonasal and maxillary processes (FNP and MXP,
(MNP) that must fuse with each other to form the nasalrespectively) of the developing mouse embryo [8],
septum, crest and tip of the nose, philtrum, premaxilla,structures that contain signaling centers that pattern
upper incisors, and primary palate [14]. While Cdon/the face [9, 10]. We report here that mice homozygous
mice carrying either allele are indistinguishable fromfor targeted mutations of Cdon display the hallmark
their wild-type littermates, craniofacial abnormalitiesfacial defects associated with microforms of HPE. This
were observed in 95% of Cdon/ mutant mice andis the first example of a mouse mutant with this pheno-
E18.5 embryos of both alleles (Table 1 and Figure 2).type, and this finding implicates a new family of recep-
The most commonly observed defects include fusiontors in development of the facial midline and suggests
of the premaxillary bone, resulting in severe pyriforma potential role for Cdon in the pathogenesis and ex-
aperture stenosis (Figure 2A); reduced size of, and ab-pressivity of HPE in humans.
normal foramen in, the basisphenoid bone (Figure 2B);
a lack of, or solitary central, maxillary incisors (Figures
Results and Discussion 2C and 2D); dysgenesis of the philtrum (Figure 2C); a
lack or hypoplasia of the cartilage of the nasal septum,
To determine developmental functions of Cdon, mutant with maintenance of the epithelial layer derived from
alleles were generated in the mouse via gene targeting the fusion of the MNP and an increase in presumptive
in embryonic stem (ES) cells. The targeting strategy (Fig- mesenchyme between the nasal capsule and the oral
ure 1) resulted in production of two different alleles, cavity (Figure 2E); and a lack of primary palate (Figures
CdonlacZ-1, which deletes the first coding exon (removing 2E and 2F). Maxillary molars and mandibular structures
the start codon and signal peptide) and inserts an inter- develop normally in mice lacking Cdon (Figure 2F; data
nal ribosome entry site (IRES)-lacZ reporter gene linked not shown). This spectrum of facial anomalies is strik-
to a selectable marker [11] into an exon encoding the ingly similar to those observed in milder forms of HPE in
second Ig repeat, and CdonlacZ-2, which contains only humans [2, 4, 15–18]. In contrast, cyclopia and forebrain
the insertion. Western blot analyses of embryonic ex- midline fusion, defects typical of severe HPE, have never
tracts with antibodies against either the intracellular or been seen in Cdon/ animals. Finally, the axial and ap-
extracellular domains of Cdon revealed that heterozy- pendicular skeleton and spinal cord appear unaffected
gotes for either allele produced about half the amount in the Cdon/ mice (data not shown).
of Cdon than wild-type animals, while both homozygous The IRES-lacZ reporter gene in each mutant Cdon
mutants were devoid of the protein (Figures 1D and 1E; allele was expected to produce -galactosidase (-gal)
data not shown). Thus, both alleles are likely to be null activity in a pattern that faithfully reproduced Cdon
mutations. mRNA expression. The CdonlacZ-1 allele did not express
Mice heterozygous for the CdonlacZ-1 allele were in- -gal (most likely because the deleted exon is important
terbred, and offspring were genotyped at postpartum in appropriate splicing events in the 5 portion of the
day 12 (P12) and E18.5 (prior to birth) by Southern blot- gene [data not shown]), but the CdonlacZ-2 allele func-
tioned as predicted. Mice carrying this allele displayed
-gal cells in a pattern indistinguishable from that ob-*Correspondence: robert.krauss@mssm.edu
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Figure 1. Generation of Mutant Cdon Alleles
in the Mouse
(A) Gene targeting of the Cdon locus via ho-
mologous recombination in ES cells (drawn to
scale). The wild-type allele, targeting vector,
and resulting targeted loci are shown with
relevant restriction sites and exons (black
boxes). CdonlacZ-1 and CdonlacZ-2 were gener-
ated by homologous recombination at one of
two regions of homology present in the 5 end
of the targeting vector (designated crossover
points 1 and 2, respectively). The location of
the probe utilized in the Southern blot analy-
ses is indicated. B, BamHI; K, KpnI; S, SmaI.
(B and C) Southern blot analysis of a litter
generated by intercrossing either (B)
CdonlacZ-1 or (C) CdolacZ-2 heterozygotes.
BamHI-digested genomic DNA isolated from
tails generates a 13 kb band for the wild-type
(wt) allele, a 5.4 kb band for the CdonlacZ-1
homologous recombinant (hr) allele, and a 9.2
kb band for the CdolacZ-2 hr allele. Genotypes
are indicated above the lanes.
(D and E) Immunoblot analyses. E16.5 embryos from intercrosses of (D) Cdon/lacZ-1 or (E) Cdon/lacZ-2 mice were genotyped, and extracts from
embryonic hind limbs were analyzed by immunoblotting with antibodies to the intracellular domain of Cdon. Genotypes are indicated above
the lanes.
served by RNA in situ hybridization with antisense Cdon maintenance of the epithelial layer [20–22]. It is likely
that the primary defect in the Cdon/ mice is within theprobes [8], both in whole-mount (Figure 3A; data not
shown) and in thin section analyses (Figure 3C; data not MNP themselves, as the anomalous structures seen in
Cdon/ embryos and mice (with the exception of theshown).
High-level -gal activity was observed in the develop- basisphenoid bone) are derived exclusively from that
region. Additionally, although Cdon expression is seening FNP, which gives rise to the structures that are de-
fective in the Cdon/ animals (Figure 3B). Additionally, in the cranial neural crest cells that ultimately form the
FNP [8, 12, 13], there are a number of structures in thealterations in the pattern of -gal cells were seen in
the FNP of CdonlacZ-2/lacZ-2 embryos relative to that seen frontonasal and upper jaw regions derived from these
neural crest cells that are unaffected in the Cdon/in the phenotypically normal Cdon/lacZ-2 embryos (Figure
3B). In CdonlacZ-2/lacZ-2 embryos, -gal cells are absent animals (e.g., the nasal capsule; Figure 2E) [12, 13]. Cra-
niofacial development is regulated by complex interac-from the midline fusion plane between the two MNP that
become the nasal septal cartilage (Figure 3B), and this tions between several signaling pathways, including
those for Sonic hedgehog (Shh) and Nodal/TGF [21].absence potentially identifies cells that require Cdon for
proper development of FNP-derived structures. Further- Mutation of components of these two pathways is asso-
ciated with HPE in humans [3]; perhaps Cdon expressionmore, although MNP fusion normally occurs at E11.5
[19], later stage Cdon/ embryos maintained an epitheli- in the FNP is controlled by these factors.
The striking resemblance between the phenotypes ofalized furrow at the MNP midline and had a recessed
inferior border compared to Cdon/ embryos (Figures Cdon/ mice and individuals with microform HPE, along
with the expression pattern of Cdon at the midline of2E and 3B). The absence of -gal cells from the midline
could occur via aberrant differentiation, apoptosis, or the MNP, strongly suggests that Cdon plays a key role
in patterning of the facial midline. Both the FNP andmigration, which, in turn, may lead to defects in the
epithelial to mesenchymal transition and consequent MXP are known to provide signals that organize and
Table 1. Frequency of Craniofacial Defects in Cdon Mutant Animals
E18.5a Newborn (Deceased)b
Defect Cdon/c Cdon/ or Cdon/ Cdon/c Cdon/
Fused Premaxilla 4/9 0/19 9/10 0/1
Basisphenoid Foramen 5/9 0/19 7/10 0/1
Maxillary Incisor Agenesis 4/9 0/19 9/10 0/1
Nasal Septal Cartilage Agenesis or Hypoplasia 5/9 0/19 NDe ND
Basisphenoid or Premaxilla Defectd 8/9 0/19 10/10 0/1
a Delivered by Caesarian section.
b Deceased pups discovered within hours of birth. Only one such animal was not of the Cdon/ genotype.
c All E18.5 Cdon/ embryos and 8/10 newborn (deceased) pups were of the CdonlacZ-1/lacZ-1 genotype; 2/10 newborn (deceased) pups were of
the CdonlacZ-2/lacZ-2 genotype.
d Embryos or mice displaying either basisphenoid foramen or fused premaxilla.
e ND, not determined.
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Figure 2. Mice that Lack Cdon Have Microform HPE
(A and B) Ventral views of cranial preparations of E18.5 embryos stained with alizarin red and alcian blue for bone and cartilage, respectively.
Mandibles have been removed for visualization. Note that the premaxillary bone (pm) is fused in the Cdon/ embryos; the embryo on the
right has a more severe phenotype with reduced bone density. Arrows indicate the midline. (B) is a more caudal region of similar preparations
to those shown in (A). Note that the basisphenoid (bs) bone is reduced in size and displays a posterior foramen (arrows) in the Cdon/
embryos.
(C) Frontal view of the midfacial region of P28 mice. Note the single, central maxillary incisor in the middle panel and the lack of maxillary
incisors in the right panel (arrows). Also note the dysgenic philtrum (arrowheads) in the Cdon/ mouse.
(D) Higher-power images of the left and center panels shown in (C).
(E) Hematoxylin and eosin staining of aligned transverse sections through E14.5 embryos. Note the reduced size of the nasal septum (ns) and
the lack of precartilage primordium (green arrow), the maintenance of the epithelial layer at the midline fusion plane of the MNP (red arrow),
the lack of maxillary incisor (i) tooth buds (white arrow), and the lack of primary palate (pp; arrowhead) in the Cdon/ embryo. Also note that
the nasal capsule (nc) is normal in the Cdon/ embryo. The asterisk in the field of view in the Cdon/ embryo indicates the tongue; due to
additional presumptive mesenchymal tissue often seen in Cdon/ embryos posterior to the nasal septum, the tongue is not seen in this field.
(F) Preparations of upper jaw structures. Note the absence of the primary palate (arrowheads) but the normal upper molars (arrows) in the
Cdon/ embryo. m, maxillary shelf; ps, palatal shelf; bo, basioccipital bone.
The scale bars in (A)–(D) and (F) represent 1 mm; the scale bar in (E) represents 100 m.
pattern the facial primordia [9, 10]. The ectoderm of portant. Mice that lack Shh have severe HPE, while mice
that lack the Shh-regulated transcription factor, Gli2,these tissues is a source of Shh, and haploinsufficiency
of SHH is the most common known genetic cause of show microsigns of HPE in conjunction with broader
defects in craniofacial development that are not typicallyboth familial and sporadic HPE. However, mutations in
SHH and other identified HPE genes account for only observed in HPE [24–26]. It appears that this is the first
report of a mouse model that accurately mimics human15%–20% of cases examined [3, 4]. Furthermore, the
expressivity of HPE is highly variable, even within pedi- microform HPE. Cdon/ mice therefore provide an ex-
cellent opportunity for understanding normal and abnor-grees, and35% of obligate mutation carriers show no
clinical abnormality [3, 4]. Therefore, the etiology of this mal development of the midface and may ultimately aid
in the diagnosis and treatment of HPE carriers.very common human birth defect is likely to be complex
at the genetic level; consistent with this are reported
cases of individuals with mutations in both SHH and a Experimental Procedures
second HPE gene [23]. It is possible that mutations in
Gene TargetingCdon underlie some cases of microform HPE in humans
The targeting vector was designed to delete the first coding exonand that such putative mutations might contribute to
and insert a 6 kb IRES-lacZ-GTI-2 promoter-neo selectable marker
more severe forms of HPE when in combination with gene cassette [11] into a coding exon. This vector was linearized
other genes involved in midline development [3]. with SacII and electroporated into ES cells generated from 129/Sv
mice (supplied by T. Lufkin). ES cells were subjected to negativeIdentification of animal models for HPE is clearly im-
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-gal Staining, Skeletal Staining, and Histology
Dissected embryos were stained for -gal activity essentially as
described [27], with the exception that fixation time was dependent
on the age of the embryo. Bones and cartilage of newborn or dis-
sected mice were stained with alizarin red and alcian blue as de-
scribed [28]. Noon of the plug date was designated E0.5.
Supplementary Material
Supplementary Material including Table S1 as cited in the text and
complete details of the Experimental Procedures is available at
http://images.cellpress.com/supmat/supmatin.htm.
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